Next generation free electron lasers aim to generate x-ray pulses with pulse durations down to 30 fs, and possibly even sub-fs. Synchronization of various stages of the accelerator and the probe laser system to the x-ray pulses with stability on the order of the pulse width is necessary to make maximal use of this capability. We are developing an optical timing synchronization system in order to meet this challenge. The scheme is based on generating a train of short optical pulses, with a precise repetition frequency, from a mode-locked laser oscillator and distributed via length-stabilized optical fibers to points requiring synchronization. The timing information is embedded in the repetition frequency and its harmonics. A significant advantage of the optical synchronization system is that multiple mode-locked Ti:sapphire seed oscillators typically present in an accelerator facility can be replaced by the master mode-locked fiber laser. In this paper, we briefly review progress on the development of the synchronization system and then discuss the implementation of this new possibility. Several technical issues related to this approach are analyzed.
Introduction
One of the key challenges for the new, fourth-generation light sources such as the European XFEL, 4GLS and FERMI@ELETTRA is to implement a timing stabilization and distribution system that allows the full exploitation of the potentially ∼ 10 fs x-ray pulse for timeresolved studies. To this end, an ultra-stable timing and synchronization system must be implemented, covering the critical subsystems of the machine and the experimental area, which are spread over distances ranging from several hundred meters to several kilometers. The electron beam needs to enter the undulator with timing jitter comparable to the pulse duration, which puts significant pressure on the synchronization system and requires point-to-point stabilization of various RF frequencies for the critical components (booster section, injector, bunch compressors and experimental area) with femtosecond precision. In case of the European XFEL, this translates to an amplitude and phase stability of the accelerating radio-frequency in the critical cavities of 10 −4 rms and 0.01 deg rms respectively [1] . Even though the amplitude stability requirement is extremely tight, it seems feasible to achieve, looking at the present results achieved in present day facilities, e.g. at JLAB and FLASH at DESY [2] , [3] . However, in order to accurately measure the phase stability, one requires a high-quality reference with much smaller phase jitter than the signal to be measured. A key challenge is to provide this reference in facilities spanning a few kilometers in length.
These requirements on the timing stability appear to be beyond the capability of traditional RF distribution systems based on temperature-stabilized coaxial cables. A promising way to reach this goal is to use an optical transmission system, depicted schematically in Figure 1 [4] . A train of sub-picosecond pulses of light generated from a mode-locked laser with very low timing jitter is distributed over actively lengthstabilized optical fiber links to an arbitrary number of remote locations. The precise repetition frequency of the pulse train, as well as its upper harmonics, contain the synchronization information. At the remote locations, low-level RF signals can be extracted simply by using a photodiode and a suitable bandpass filter to pick the desired harmonic of the laser repetition rate, or by phase locking an RF source to a harmonic of the pulse train [5] . Optics has two fundamental advantages over traditional RF technologies: (i) optical frequencies are in the 100 THz range, enabling femtosecond resolution, and (ii) photons are immune to electromagnetic interferences, easing noise-free transportation of the signals.
Mode-locked fiber lasers
Mode-locked Erbium-doped fiber lasers have significant advantages as optical master oscillators [6] , because of the ease of coupling to the fiber distribution system, their excellent long-term stability, and the welldeveloped and mature component base available at the optical communications wavelength of 1550 nm. Recently, their technical capabilities have also improved significantly [7] . Fiber lasers can generate pulses from picosecond down to sub-100 fs in duration by simultaneous phase coherent lasing of multiple longitudinal modes spaced in frequency by the pulse repetition rate of the laser. During photodetection, these optical modes beat in the photo detector and generate all harmonics of the repetition rate within the bandwidth of the photodetector.
Mode-locking is initiated by a mechanism providing lower loss (hence, higher net gain) for a pulse than for continuous wave (cw) radiation, leading to pulse formation from intra-cavity noise soon after the laser reaches a certain intra-cavity average power. For passively mode-locked lasers, this is achieved by a real or artificial saturable absorber. Once the pulses are shortened, the laser dynamics are dominated by an interplay of group velocity dispersion (GVD) (different frequencies have different speeds) and Kerr nonlinearity (the refractive index depends on intensity), leading to the formation of soliton-like pulses, which intrinsically balance dispersion and nonlinearity [8] . Since the gain process has a finite bandwidth, the generated pulses need to be stabilized by the saturable absorber, which favors the pulse and suppresses any cw-radiation. At the simplest level, short-pulse laser dynamics can be characterized by four basic processes: gain, saturable absorption, Kerr nonlinearity, and dispersion interacting in a repetitive way, defined by the optical cavity (Fig. 2) . It is essential that the laser serving as the master oscillator has extremely low timing jitter (phase noise), particularly at high frequencies (> 10 kHz), where further suppression through feedback is difficult. The repetition rate of the laser corresponds to the inverse of the length of its cavity divided by the group velocity of the pulse. For a free-running laser, the cavity length fluctuates, as a result of environmental factors, such as temperature variations and acoustic vibrations. This causes timing jitter of a small amount. The timing of the pulse circulating in the laser cavity is affected also by the intrinsic noise sources such as pump noise and amplified spontaneous emission noise from the amplification process. Ultimately, timing jitter is limited by quantum fluctuations in the number of photons making up the pulse and the incoherent photons added in the cavity due to spontaneous emission. The phase noise is extremely low at high offset frequencies (i.e., over short measurement times), but grows toward small offset frequencies (i.e., over longer measurement times). The remedy is to control the repetition rate of the laser oscillator with a microwave oscillator possessing lower phase noise at low frequencies through a feedback loop. The bandwidth of the latter should be chosen to be close to the frequency where the phase noise of the laser oscillator and the microwave oscillator meet (∼ 1 kHz). Overall, a superior oscillator is formed by this combination: at high offset frequencies, the laser phase noise is excellent and at low offset frequencies, the laser essentially follows the microwave oscillator.
A stretched-pulse Er-doped fiber laser was constructed [9] . The laser cavity setup is illustrated in Fig. 3 . The Erbium-doped fiber, which has normal GVD of 75 ps 2 /km, is about 1 m long. It is pumped by a 980-nm diode with total power of approximately 350 mW. The Er-fiber is followed by about 2.6 m of SMF-28 (β 2 = −23 ps 2 /km) and a small amount of Corning Flexcor 1060 (β 2 = −7 ps 2 /km), which functions as connector fibers of the couplers and the isolator. Total dispersion of the cavity is adjusted to be ∼ 0.01 ps 2 . The repetition rate is ∼ 40 MHz. A polarization-insensitive isolator provides unidirectional operation. Mode-locking is initiated and stabilized by nonlinear polarization rotation [10] . The laser produces linearly chirped pulses of ∼ 1.5 ps duration, which can be compressed to ∼ 100 fs external to the laser cavity. The pump power is typically set such that the power from the free space port is about 20 mW, avoiding any multiple-pulsing instabilities, although higher power levels with single pulse operation are possible. Operation of the mode-locked operation is characterized by monitoring the optical spectrum, the RF spectrum of the pulse train and nonlinear autocorrelation of the pulses. The single sideband phase noise spectrum of the harmonic at 1.3 GHz was extracted from the pulse train upon photodetection and filtering. The integrated timing jitter from 1 kHz to the Nyquist bandwidth, i.e., half of the laser repetition rate, is measured to be about 10 fs (Fig. 4 ). For comparison, the phase noise of a low-noise frequency generator, a Marconi 2041, is also plotted. As the laser is free running during these measurements, the performance of the microwave oscillator is superior in the low frequency regime (< 10 kHz), but the laser has lower noise at higher frequencies.
The noise characteristics of mode-locked lasers is well-described using soliton-perturbation theory, along with quantum noise sources [11] . These perturbations cause fluctuations in amplitude, phase, timing and center frequency. The last of these further contributes to timing in the presence of dispersion, i.e. a shift in center frequency is translated into timing shift via dispersion, which is known as the Gordon-Haus jitter [12] . For a mode-locked fiber laser with small net dispersion and otherwise typical parameters, the quantum-limit is extremely small, on the order of 1 fs (from 1 kHz to 20 MHz, for a repetition rate of 40 MHz). However, the measured timing jitter is substantially higher than the noise limit given by the spontaneous emission noise. Several effects in the photodetection process lead to significant distortion of the actual phase noise spectrum. Due to the filtering of a single harmonic of the laser repetition rate, the power level of this harmonic is on the order of -20 dBm, even when saturating a typical photodetector. The thermal noise floor of the 50 Ohm resistor used to terminate the photodiode is at -178 dBm. That results in a minimum noise floor of -158 dBc for the single sideband phase noise. The phase noise measurement device employed in this study (Agilent 5052A) implements a correlation technique, which provides an additional noise suppression of up to 20 dB of its internal phase reference used in measuring the laser phase noise. Even with this improvement, the phase noise of the reference oscillator itself limits the measurement in certain frequency bands. Another effect, which may plague phase noise measurements, is amplitude to phase conversion in the photodiode [13] .
Measurement of the Synchronization System in an Accelerator Environment
A test version of the optical synchronization system was constructed in the laboratory and its sub-components have been tested. However, owing to the presence of significant electromagnetic interference, acoustic noise and relatively poor temperature and vibrational isolation, operation in an accelerator environment can be expected to be more difficult than a university laboratory. Therefore, to test this system under more realistic conditions, measurements were conducted at the MIT-Bates Linear Accelerator Center. We utilized a 500 m-long single-mode optical fiber link, which was already installed to achieve picosecond-stability optical signal transmission. The experiment consisted of three separate parts: (i) Locking of the EDFL to the S-band master oscillator at the Bates Facility to reduce the close-in noise of the laser system, (ii) Stabilizing the fiber link with a RF-based feedback to reduce the timing jitter added by the transmission to a few femtoseconds, (iii) Recovering a returning RF signal after 1 km of total travel through the fiber link with minimal added jitter. The experiment was conducted over a time span of 3 weeks. The fiber laser worked reliably during this time without loss of mode-locking or significant increase of its phase noise. The details of these results will be reported elsewhere [14] .
Integrated Pulse Shaping and Amplification for Seeding Amplifiers
The next-generation light sources will be utilizing multiple mode-locked lasers, scattered over the facility and fulfilling various different functions. These lasers include photoinjector laser, laser heater, lasers for pumpprobe experiments in the end-stations. At the present time, many of these lasers are amplified Ti:sapphire lasers, operating at or around 780 nm. All of these lasers must also be synchronized to the overall system and continue to operate uninterrupted for extended periods of time. A natural extension of the optical synchronization system is to utilize the same pulses to directly seed Ti:sapphire amplifiers, following appropriate pulse shaping, amplification and frequencydoubling to 780 nm. Furthermore, the laser heater and additional diagnostic lasers can be implemented at the Er-fiber wavelengths, without resort to frequencydoubling. Thus, the optical synchronization scheme along with direct seeding offers the possibility of replacing multiple Ti:sapphire lasers oscillators with a single fiber laser.
A unified synchronization-seeding architecture offers significant simplification and cost-reduction. The most valuable benefit might be in terms of system uptime. Mode-locked lasers cannot offer completely reliable operation. Fiber lasers have excellent long-term stability. Furthermore, if fewer (perhaps a single) laser oscillator will be running, any downtime due to laser failure will be greatly reduced: Fiber lasers have low enough costs that it is reasonable to install multiple lasers for the same task, offering the benefit of redundancy. If the laser in actual use fails, the system can rapidly (through optical modulators acting as gates) switch to another fiber laser possibly without human intervention. Another advantage is that direct seeding from a single laser oscillator eliminates the inevitable residual timing jitter from the synchronization of two lasers. The arguments outlined above assume that (i) pulses with desirable parameters (stability, duration and energy) can be provided at 780 nm, and (ii) during the propagation, amplification and reshaping no significant jitter is added. In this section, guided by numerical simulations, we analyze the technical feasibility of delivering the desired parameters.
Pulse propagation in the optical fiber link is described with a nonlinear Schrödinger equation (NLSE), extended to include higher-order dispersion and the Raman effect. Around 1550 nm, fibers of either sign of dispersion (normal and anomalous) are commercially available, permitting the construction of fiber links with nearly zero dispersion by choosing two fibers of opposite dispersion. Regular single-mode fiber (SMF) has anomalous second-order dispersion of −23 ps 2 /km. Fiber with normal dispersion is commonly referred to as dispersion-compensating fiber (DCF). If two fiber segments of either sign are used, the GVD of a link can always be set to zero by choosing the correct ratio of the two fiber lengths. Ideally, the dispersion slopes of the fibers must also match in magnitude and be opposite in sign (removing higher-order dispersion contributions).
Depending on the facility, there may be distinct regimes of interest, pulses as short as possible and longer, ps pulses, corresponding to the short-pulse and the long-pulse operation modes of the accelerator. The two regimes offer different challenges to the direct seeding scheme. In this study, the short-pulse regime targets 120 fs-long pulses. For these pulses, higher-order dispersion (at least the leading term, third-order dispersion (TOD)) is significant and residual dispersion of the fiber link and the pulse shaping modules must be carefully minimized. For longer pulses, which we take as 1 ps-long in this study, higher-order dispersion is no longer a serious problem. However, the challenge arises from the need to amplify the pulse energy, since chirped-pulse amplification [15] is difficult to implement for long pulses.
DCFs have been commercially developed for the telecommunications industry and can match the disper- sion profile of regular fiber with great precision over the 1500-1600 nm window. However, the high levels of radiation to be present in the accelerator tunnel prohibit the use of regular fiber. Radiation hardened fiber (up to 3000 rad, sufficiently resistant for operation for several years) is commercially available with parameters essentially identical to the standard Corning SMF-28 fiber [16] . Thus, radiation-hardened SMF can form the fiber links in the tunnel and a DCF spool at either end point of the link can be utilized in a radiation-shielded area. Since the dispersion/length is higher (as much as 5-10 times) for DCF than SMF-28, the overall length of the link is increased by about 10−20%. With presently available DCF, the slope of dispersion (TOD) can be matched to within a few percent, while setting the dispersion of the central wavelength to zero. We estimate the effective (treating the whole link as a single fiber) characteristic length for TOD, L TOD = 140 m for a 5% mismatch. TOD is weak if L TOD ≥ L link , where L link is the total length of the link. Although techniques for careful matching can reduce TOD much further [17] , these approaches are difficult to implement.
In order to minimize self-phase modulation due to nonlinear effects occurring in the fiber link, the pulse energy needs to be kept low, around 100 pJ. Therefore, the pulses must be amplified at the end of the link. This introduces a limitation to bandwidth due to pulse broadening (gain narrowing). For 100 fs pulse duration and amplification to 5-8 nJ of pulse energy, the effect was observed to be minor in a Yb-fiber amplifier, with 120 fs pulses achieved, limited partially by residual third-order dispersion [18] . Another limitation to pulse bandwidth arises from frequency-doubling of the pulses to 780 nm. The finite phase-matching bandwidth renders it difficult to achieve pulse durations less than 110 fs. It may be possible to increase the bandwidth with special PPLN structures [19] . High conversion efficiencies (30%) can be achieved in a periodically poled Lithium Niobate (PPLN) crystal [20] . For the case of broadband (100 fs) pulses, a particularly interesting idea is to simultaneously compress and frequency double the pulses in a chirped-period PPLN structure [21] .
The fiber amplifier needs to be designed to minimize degradation of pulse quality and added noise. Fig. 6 Results of numerical simulations for the short pulse regime: (a) pulse shape at 1560 nm after compression, (b) corresponding optical power spectrum, and (c) pulse shape at 780 nm, assuming perfect phase-matching.
In SMF-28, the fundamental soliton energy for 100 fs pulses is slightly less than 1 nJ. On the other hand, in order to provide ample amount of seed energy, we target 3 nJ as the energy of the pulses out of the fiber, such that 1 nJ can be obtained in the second-harmonic. This is higher than the fundamental soliton energy; clearly these energy levels cannot be attained in regular SMF without severe nonlinear distortions. A way to overcome this limitation is to amplify stretched pulses and then compress them to the desired duration in an external compressor, as illustrated in Fig. 5 . The difficulty is more acute in the long pulse (1 ps) regime, because the narrower spectrum makes it difficult to stretch the pulse via dispersion. Amplification in fiber with normal dispersion minimizes the adverse effects of Kerr nonlinearity [22] . The fiber link can be configured to supply positively chirped pulses (by slightly overcompensating the dispersion of the radiation-hardened fiber). Nevertheless, normal-dispersion Er-fiber requires tighter mode confinement, since the dispersion shift is due to strong waveguide dispersion. Under these conditions, the launched pulse should be chirped to at least several ps to take the nonlinear effects under control. Following amplification, compression to near-transform limit is achieved with a compressor comprised of Brewster-cut Si prisms. The high dispersion of Si (∼ 1000 fs 2 /mm) permits a manageable prism to prism spacing of less than 1 m [23] . An alternative approach is to use largemode area fibers, including single-mode operation of nominally multi-mode fibers [24] , but this approach introduces other technical problems arising from imperfect suppression of the higher-order modes. The ghost pulses created by the higher-order modes can be detrimental for phase noise measurements.
Numerical simulations are used to test these expectations. An extended NLSE with TOD and the Raman-induced nonlinearity is solved numerically for a Gaussian launched pulse of 90 pJ energy and fullwidth at half-maximum (FWHM) of 100 fs. The length of the radiation hardened section of the fiber link is taken to be 200 m, which would be adequate, for example, for the FERMI accelerator. Dispersion at 1560 nm is slightly overcompensated to pre-chirp the pulses Fig. 7 Results of numerical simulations in long pulse regime: (a) pulse shape at 1560 nm after compression, (b) corresponding optical power spectrum, and (c) pulse shape at 780 nm, assuming perfect phase-matching.
to 350 fs before entering the Er-fiber amplifier. We assume a dispersion slope mismatch of 5%. Following the dispersion-managed fiber link, the pulses are amplified in a 100 cm-long Er-fiber with small signal gain of 30 dB, dispersion coefficient of 75 ps 2 /km and an effective area of 30 µm 2 . The energy after amplification is 3.1 nJ and the pulses are broadened to 2.25 ps. Compression is done in SMF-28, followed by free-space Si-prism compressor for the last stage to avoid nonlinear distortions. Thus, the compressor is assumed to be ideal, i.e., linear and without higher-order dispersion. The pulse energy is further reduced to 2.95 nJ by the compressor (Si prism compressor routinely provide 95% transmittance). Compression reduces the pulse width to 138 fs, limited by residual TOD (Fig. 6a) . The spectral shape is nearly parabolic (Fig. 6b) , due to the nearly self-similar evolution of the pulse during amplification [25] . Frequency-doubling to 780 nm further reduces the pulse duration to 95 fs, where we have assumed perfect phase-matching over the entire bandwidth of the pulse for simplicity (Fig. 6c) . This is quite difficult to ensure in practice and 120 fs is a more realistic target.
For the case of 1 ps pulses, we start with even longer pulses, 1.7 ps of duration. In this case, TOD is negligible. Adopting an Er-fiber with parameters similar to SMF-28 (−23 fs 2 /mm, effective area of ∼ 80 µm 2 ) and 200 cm in length, permits amplification to 3.4 nJ without significant nonlinear distortion. Due to the extra bandwidth generated during amplification, the compressed pulse duration is 1.08 ps at 1560 nm and 670 fs at 780 nm, assuming perfect phase-matching (Fig. 4) .
Seeding solid-state amplifiers with frequencydoubled Er-fiber lasers is a proven concept in the absence of the extremely stringent requirements on noise level that the accelerator applications demand. This approach forms the basis of commercial regenerative amplifier products. However, it is clear from these numerical simulations that attaining the goals for pulse shaping and delivery require several technical challenges to be met. Finding the right combination of fiber and pulse parameters can be difficult and exten-sive numerical/experimental investigations are necessary to carefully explore the limits and the tolerances on the parameters, as set by fiber nonlinearities and to determine the effects of pulse shaping and amplification on the timing jitter for the accelerator implementation. Initial results indicate that added amplitude and phase noise can be minimized with proper design of the fiber amplifier, namely by avoiding excessive nonlinearities as well as preventing ASE breakthrough [26] .
Conclusion and Outlook
In conclusion, mode-locked fiber lasers producing subps pulses can serve as ultra-low noise master oscillators for timing distribution in next-generation light sources. The main advantage of mode-locked fiber laser is the excellent noise performance at high frequencies, the high quality and availability of pump sources and components in the 1550 nm wavelength range. Measurements show a high-frequency performance surpassing that of microwave oscillators with ultra-low phase noise. We have demonstrated sources with ultra-low timing jitter of 10 fs in a bandwidth of 1 kHz to the Nyquist frequency. Such sources can be made readily available for sub-100 fs and potentially sub-50 fs timing distribution. A particularly advantageous possibility offered by the optical synchronization system is to shape and amplify these pulses such that they can be used to seed Ti:sapphire laser amplifiers typically present in these facilities. Preliminary numerical studies indicate that this approach is feasible. Several technical challenges, which need to be overcome, have been addressed.
